We report the discovery of a nearby M5.0V dwarf at 24.6 pc, SCR 1848−6855, that is orbited by an unusual companion causing an astrometric perturbation of more than 200 milli-arcseconds. This is by far the largest perturbation found to date among more than 700 targets observed during our long-term astrometry/photometry program at the CTIO 0.9-m telescope. We present here a suite of astrometric, photometric, and spectroscopic observations of this high proper motion (∼1.
Introduction
Using the CTIO 0.9-m telescope, we have made astrometric observations of more than 700 nearby stars since 1999 during our Cerro Tololo Inter-american Observatory Parallax Investigation (CTIOPI). We have presented nearby subdwarf, red dwarf, and white dwarf discoveries in The Solar Neighborhood series (Jao et al. 2005; Henry et al. 2006; Subasavage et al. 2009; Riedel et al. 2010; Jao et al. 2011; Riedel et al. 2011) , as part of the RECONS (REsearch Consortium On Nearby Stars) 1 effort to explore the solar neighborhood. To date, we have reported astrometric perturbations with amplitudes of tens of milli-arcseconds (hereafter, mas) (Henry et al. 2006; Riedel et al. 2010 ) and continue to observe ∼50 objects exhibiting perturbations in an effort to determine accurate masses for low mass stars and brown dwarfs. Here we report an extraordinary perturbation of the M5.0V star SCR 1848-6855 (hereafter SCR 1848) with an amplitude of more than 200 mas.
This star was discovered during our SuperCOSMOS-RECONS (SCR) search for high proper motion objects in the southern sky and found to have µ =1. ′′ 287 yr −1 (Hambly et al. 2004) .
In this paper, we present a detailed analysis of this unusual system, including results from the 0.9-m program and several other ground-based and space-based efforts, to understand the physical properties of the mysterious companion.
Observations and Results

Astrometry from CTIO
We used the CTIO 0.9-m to measure the astrometric properties (proper motion, parallax, perturbation of the photocenter) and UBV RI photometry of SCR 1848, and 1 www.recons.org -5 -provide the results in Table 1 . The telescope has a 2048×2048 Tektronix CCD camera with 0. ′′ 401 pixel −1 plate scale (Jao et al. 2005) . For both astrometric and photometric observations, we used the central quarter of the chip, yielding a 6. ′ 8 square field of view.
We used the Kron-Cousins I filter for parallax measurements to maximize the number of suitable reference stars in the field, and obtained UBV RI photometry of SCR 1848 and similar stars through Johnson (U, B and V ) and Kron-Cousins (R and I) filters. Bias and dome flat frames were taken nightly for basic image reduction. We have one epoch of U and B photometry and four epochs of V , R and I, for which results are given in Table 1 .
Additional details of parallax and photometry observations and data analysis can be found in Jao et al. (2005) and Winters et al. (2011) , respectively.
With more than 8 years of astrometric observations, the red dwarf exhibits an extraordinary perturbation with peak-to-peak amplitudes of ∼200 mas in RA and ∼60 mas in DEC. Shown in Figure 1 (a) is a map of the red dwarf's photocentric position relative to the barycenter, split into RA and DEC directions, after shifts due to proper motion and parallax have been removed. We suspect that the epoch of periastron occurred around 2004.6. This is the largest photocentric perturbation we have detected among more than 700 targets observed astrometrically at the 0.9-m since 1999. To eliminate any doubt that the perturbation is real, for comparison we also present residuals from a reference star in the field in Figure 1 (b) , in which the vertical scale is one-fifth that for SCR 1848.
Because the scale of the perturbation exceeds the size of the parallactic ellipse by a factor of five (so far), the parallactic motion is overwhelmed by the perturbation, and the yearly cadence of the parallax remains in Figure 1 (a), particularly in the RA axis. To derive an accurate trigonometric parallax for the system, we therefore solve for proper motion, parallax, and orbital motion iteratively. We first carry out a standard reduction for proper motion and parallax. A reduction using all of the data without compensating -6 -for the perturbation results in a parallax of 24.26±2.30 mas (41 pc), which is inconsistent with the more carefully treated results discussed below. We then fit an photocentric orbit to the residuals shown in Figure 1 (a). This orbit is then removed, and we derive the results for proper motion (1280.9±0.3 mas/yr) and parallax (40.63±0.72 mas), placing the system at a distance of 24.6 pc. After the first iteration of removing the large perturbation, the residuals in RA were reduced by a factor of 4.5 and the parallax error was reduced by a factor of 3. These new residuals are comparable to the night-to-night variations in the photocenter positions, and the parallax error is less than our median parallax errors (∼1.4 mas) for stars with coverage of at least six years, so no further iterations were appropriate for the current dataset. We will continue to follow the system to improve our understanding of the overall path of the photocenter. Further discussion is based upon the parallax of 40.63 mas as given in Table 1 . We checked this result by evaluating only those images taken since 2007 to ensure that the perturbation persists, i.e., selecting frames after the presumed data is roughly in agreement with the results for all data with the perturbation removed ,although we note that in this unusual case the parallax errors may be underestimated and the distance from 2007-2012 data should be treated with caution 2 . Details pertaining to the perturbation fit as well as the analysis of the photocentric orbit are discussed in section 3.2.
2 Because the perturbation in Figure 1 (c) is significantly reduced compared to that in Figure 1 (a), we did not perform an orbital fit to revise the parallax. We merely use this reduction as additional assurance that the system is at a distance of roughly 24.6 pc.
-7 - -8 -Note. -The N U V 2271 photometry is from GALEX General Release 6. N U V 2711 is specifically of the M dwarf component measured directly from STIS images discussed in section 2.5, but all other magnitudes are combined photometry of both components. U and B were taken on March 12, 2010 at the CTIO 0.9-m, while the V , R, and I measurements are from four different nights of observations. JHK s photometry is from the 2MASS catalog. The "J" in the spectral type indicates it is classified from a combined spectrum of two components.
-9 - Figure 1 (a). We therefore conclude that the faint background source is not the cause of the perturbation.
UBV RI Photometry from CTIO
The photometric distance estimated from V RIJHK s colors using the suite of relations in ) is 37.0±9.4 pc, which is 1.3σ further than the adopted trigonometric parallax distance of 24.6 pc, but is not terribly useful as a distance constraint. The large error in the photometric estimate is caused by photometric colors for the system that differ from similar stars. UBV RI photometry for SCR 1848 and six similar red dwarfs was obtained at the CTIO 0.9-m on 2010 March 13, and is given in Table 2 . As shown in Figure 2 , in a U − I color plot SCR 1848 is noticeably bluer than stars of comparable spectral types spanning similar M U , and does not follow the trend of similar red dwarfs in the U − B vs. V − I color-color plot. As discussed in section 2.4, SCR 1848's red spectrum is a good match to the spectroscopic standards Proxima and GJ1061 at type M5.0V, but the U and B photometry indicates that the companion is contributing blue light to the system. If SCR 1848 had M U ∼18.5, consistent with other M5.0V, it would be only ∼9.3 pc away, which is inconsistent with the trigonometric parallax.
Near-UV Photometry from GALEX
We extracted the near-UV (NUV) photometry of SCR 1848 and other red dwarfs from Henry et al. (2004) and, for comparison, white dwarfs from Bergeron et al. (2001) from the GALEX General Release 6. We converted the apparent magnitudes centered at -12 - References. -(1) this work; (2) Skrutskie et al. (2006) ; (3) Dieterich et al. (2012) ; (4) Henry et al. (2006); (5) Hawley et al. (1996) ; (6) shown.
-14 -2271Å to the absolute M 2271 values given in Table 3 using distances in Bergeron et al. (2001 ), van Altena et al. (1995 and our parallaxes from CTIOPI. SCR 1848 is 2.1-3.7 magnitudes brighter than other M4.5V or M5.0V stars in this band, indicating that at UV wavelengths, the red dwarf is probably not the primary contributor to the flux, and hence, the one source seen in both of the HST-STIS UV filters (discussed in section 2.5) is the blue companion, not the red dwarf (see section 2.5 for more details). SCR 1848 also has a brighter M 2271 than most of the white dwarfs listed in Table 3 . We note that SCR 1848 is undetected in the far-UV band at 1528Å in GALEX General Release 6.
Red and Blue Spectra from CTIO, Gemini-S, and HST
Two red spectra of SCR 1848 covering 6000-9500Å were obtained on UT 2003 July 15 using the CTIO 1.5-m telescope and R-C Spectrograph with the Loral 1200×800 CCD camera. Observations were made using a 2 ′′ slit, order-blocking filter OG570, and grating #32 in first order with a tilt of 15.
• 1. Bias frames, dome flats, and sky flats were taken at the beginning of the night for calibration, and these two exposures of SCR 1848 were taken to permit cosmic ray rejection. A 10 second Ne+He+Ar arc lamp spectrum was recorded after the science exposures to enable wavelength calibration. The spectroscopic flux standard star HR7950 was observed that night. Reductions were carried out using IRAF reduction packages -in particular onedspec.dispcor for wavelength calibration and onedspec.calibrate for flux calibration. Comparison of this spectrum with the set of spectral dwarf standards discussed in Jao et al. (2008) results in a spectral type determination of M5.0V for SCR 1848, with the usual adopted error of half a sub-type. The final spectrum is shown in Figure 3 along with four other red dwarfs of similar type, all taken at the CTIO 1.5-m using the R-C Spectrograph. Table 3 : Absolute V and near-UV magnitudes, M 2271 , from GALEX General Release 6 data for our science target SCR 1848, red dwarfs with similar spectral types, and white dwarfs cooler than 5000K (sorted by temperature). Asterisks indicate selected cool white dwarfs plotted in Figure 7 . Red dwarf data are from RECONS, while the white dwarf data are from Bergeron et al. (2001) . Trigonometric parallaxes are from Bergeron et al. (2001) , the Yale Parallax Catalog (van Altena et al. 1995) , and our astrometry program.
-16 -6900Å and 9300Å.
Blue spectra of SCR 1848 covering 3580-6670Å were obtained on the night of UT 2010 August 06 using the Gemini-South telescope and GMOS. Observations were made using a 2 ′′ slit and grating B600 G5323. Two sets of three 600-second exposures were taken during sky conditions satisfying the 90-percentile image quality criterion, at an airmass of 1.35. The two sets of exposures were centered at 5000Å and 5250Å respectively, so that the CCD gaps on the GMOS chip could be removed. Three one-second dome flats were taken immediately after each set of exposures and used for flat-fielding. Wavelength calibration exposures of the CuAr arc lamp were part of Gemini baseline calibrations and were taken at the end of the night. A spectroscopic standard star, LTT7987, was observed with the exact same setups before observing SCR 1848. The final blue spectrum of SCR 1848
combined from all calibrated nodding spectra is shown in Figure 4 . The long-slit spectra were reduced using instructions presented during the Gemini Data Reduction Workshop (www.noao.edu/meetings/gdw/).
Using an overlap region spanning ∼700Å, the red and blue spectra of SCR 1848
were merged and are shown with the red line in Figure 4 . The black line is Proxima, an M5.0V spectral standard star. Proxima's red spectra were obtained on UT June 6 2006 at the CTIO 1.5-m using the same R-C Spectrograph setup and procedures as for SCR 1848, whereas the blue spectra were obtained on UT 2011 May 7 at Gemini-South using the same GMOS setup discussed above, but under poor weather conditions. Because
Proxima is very bright at optical wavelengths (V = 11.13), the integration times were only 30 seconds on Gemini-South. The flux differences between SCR 1848 and Proxima seconds in the G780H filter, with wavelength coverage of 6269-8498Å. As before, we use an overlap region spanning ∼500Å to merge the red and blue spectra from HST.
Shown in Figure 5 are the flux differences between SCR 1848 and Proxima using both the HST spectra for Proxima (gray line, SCR 1848−Proxima HST ) and our ground-based spectra (black line, SCR 1848−Proxima ground , same as in the bottom panel of Figure 4 ).
The flux differences are virtually identical, other than in the telluric bands outlined in the spectrum at the top of the plot. Note that the Balmer lines appear as absorption features in the differential spectra because in Proxima those lines are in emission. These matching results give us confidence that our ground-based observations of Proxima, and presumably SCR 1848 as well given that it was observed using the same instrumental setup, are reliable.
Mismatches redward of 6000Å are due primarily to differences in the precise strengths of the TiO bands between Proxima and SCR 1848. We see similar mismatches when comparing two M5.5V dwarfs. Blueward of ∼6500Å, the residual spectrum is evidently due to the unseen companion, and is effectively featureless. in absorptions in the subtracted spectra.
-21 -
Resolution of the Binary and Near-UV Photometry from HST
Matching sources on two HST-STIS images
In an attempt to resolve the system, we imaged SCR 1848 on UT 2011 July 14 using HST-STIS+MAMA in two UV filters -F25CN270 at 2711Å and F25CN182 at 2004Å. The field of view was 25 ′′ ×25 ′′ with a pixel scale of 24.6 mas/pixel. The observation logs, derived astrometry, and resulting photometry are given in Table 4 . Figure 6 shows cropped images 1. ′′ 7 on a side from HST-STIS+MAMA, revealing two sources in the F25CN270 filter, but only one very faint source in F25CN182. We note that there were no other sources detected in the full field in either filter.
Given the lack of other stars for reference in the field, we need to determine carefully which source is the M5.0V star and which is the previously unseen companion. First, we used the xy2rd task from the HST/STSDAS IRAF package to determine the coordinates of both sources in the F25CN270 image, yielding the results given in Table 4 . The coordinates for the sources in the two F25CN270 images differ by ∼0.001 seconds in RA and 0. ′′ 004-0. ′′ 009 in DEC, where the differences come from a combination of the HST pointing accuracy, the image distortion correction and SExtractor's centroiding accuracy. Because the separation between the two sources is 0. ′′ 349, which is much larger than the errors in the positions, and because the sole source in the F25CN182 image has a similar position as the bright source in the F25CN270 image, we conclude that the bright source is in both F25CN270 and F25CN182 images.
Identifying the red dwarf on HST-STIS images
To identify which source corresponds to which component, we explore what an M5.0 dwarf's near-UV brightness is likely to be in the HST-STIS images. Proxima Centauri is an In contrast, we do not see strong Hα emission from SCR 1848 in its red spectrum so we expect SCR 1848 would have a weaker Mg II line than Proxima. The long-term variability of SCR 1848 in the I band is only 9 millmags over 8.5 years, although this lower level might be expected because red dwarfs generally vary more in the V band than in the I band. However, four nights of V RI photometry, which includes both internal (signal-to noise, variability) and external (extinction corrections, photometric standard star stability) errors for SCR 1848 show a variability of only 15 milli-mags in the V band, only half that seen in Proxima's long-term measurements. We conclude that SCR 1848 (a) has a quieter atmosphere than Proxima, (b) has weaker Mg II emission, and (c) should have less flux than Proxima from 1851-3347Å. Finally, as can be seen in Figure 4 , the companion's flux is significant blueward of ∼6500Å, and we anticipate that at the HST-STIS wavelengths, the blue component dominates the waning flux of the red dwarf. We therefore conclude that the source seen in both HST-STIS bands is the blue companion, and the fainter source seen 3 The variability of red dwarfs and cool subdwarfs using our astrometry frames is discussed in Jao et al. (2011) . 
NUV Photometry from HST-STIS images
We performed aperture photometry on the HST-STIS images using SExtractor (Bertin & Arnouts 1996) . To determine photometry in the STMAG system, we calculated f λ based on the detected counts and image exposure times, and used the equation (ST MAG = −2.5 log f λ − 21.1) outlined in §5.3 of the STIS Data Handbook (Bostroem & Proffitt 2011) . Because the two sources are separated by only 14 pixels, we selected a standard 3-pixel radius aperture for the photometry and used the correction in Table 8 From the various observations of SCR 1848 outlined above, we have (1) detected a large perturbation on an M5.0V star at 24.6 pc caused by an unseen companion, (2) detected the excess U band and NUV flux from the companion, (3) measured excess flux Note. -Pixel coordinates and RA and DEC for objects detected in the HST-STIS+MAMA images are given, as measured using spectroscopically blueward of ∼6500Å, and (4) resolved the binary system. The next step is to determine the nature of the companion.
We simulated UV I photometry for systems composed of the M5.0V red dwarf Proxima and various white dwarfs with UV I from Bergeron et al. (2001) . Basically, we move Proxima and white dwarfs to SCR 1848's distance at ∼24.6 pc but keep the same absolute magnitudes. We calculate their combined flux and photometry in different filters to simulate unresolved M5.0V+WD binaries. The results are shown in Figure 7 . We found that to reproduce the combined UV I photometry for SCR 1848, a white dwarf companion would need to have T eff ∼5000K to have enough flux for the combined U photometry, but T eff ∼4600K to match the flux indicated by the combined V photometry. These results indicate that the blue companion could be a white dwarf with T eff ∼4600-5000K 4 .
Given the resolution of the system via HST-STIS, we can estimate the temperature Open circles are main sequence dwarfs, subdwarfs, and white dwarfs from Koen et al. (2010) , Bergeron et al. (2001) and RECONS, e.g., Jao et al. (2005) and Henry et al. (2006) . The fit line in the right panel represents the stellar main sequence.
-28 -for SCR 1848 B are fainter than a typical field white dwarf with T ∼4600K. To complicate matters further, as shown in the bottom panel of Figure 4 , the residual flux peaks at ∼5300Å, corresponding to the peak of a 5500K blackbody curve, nearly 1000K hotter. So, the exact temperature and nature of the companion remains elusive and a blackbody curve may not be ideal to represent its spectrum, but its temperature is likely 4600-5500K.
The bottom panel of Figure 4 also shows that the companion's spectrum appears to be featureless. According to McCook & Sion (1999) , a DC white dwarf is defined to have a continuous spectrum with no lines deeper than 5% in any part of the electromagnetic spectrum. This definition appears to be consistent with the spectroscopic information we have for the companion. It implies a spectral type of DC if it is in fact a white dwarf. In the inferred temperature range (i.e., T eff < 5500 K), the white dwarf will show different continuum features in the optical depending on atmospheric composition. The possible atmospheric compositions are 1) pure hydrogen, where collision induced absorption (CIA) occurs, 2) pure helium, where CIA is unimportant, or 3) mixed hydrogen and helium, where CIA occurs at hotter temperatures because of collisions with neutral helium (Bergeron & Leggett 2002) . Without knowing which model to apply, and how much the CIA affects its spectral energy distribution, the effective temperature remains uncertain, but is likely in the temperature range discussed above. Good S/N resolved photometry covering most of the SED of the companion is needed to best constrain the effective temperature (Kilic et al. 2010) . For now, we estimate that the companion may be a DC type white dwarf.
The Companion's Mass
The perturbation curve shown in Figure 1 (a) maps the shift in position of the binary system's photocenter and reveals information about the masses of the components.
-29 -However, because our data do not yet cover a full orbital period for the system, we find that the perturbation curve is not stable, with a slope in the curve after 2006 that varies as more images are acquired. An additional caveat is available from the HST-STIS image, in which the B component is observed at a position angle of 277.
• 6 in mid-2011, where the position angle of the photocenter from our perturbation curve lies at 63.
• 3. The position angle of the secondary should be 180
• from the position of the photocenter offset, corresponding to 243.
• 3 rather than 277.
• 6, or a 34.
• 3 difference. We could shift residuals or the photocenter to match the position angle from STIS images, but we would not be significantly more confident in the orbit. We expect this mismatch is because of the incomplete photocentric orbit from our astrometric observations.
With these reservations in mind, we fit a photocentric orbit given in Table 5 using the methodology outlined in Hartkopf et al. (1989) . Given the derived inclination is close to 90
• or edge-on, these orbital elements are suspect. However, one thing is certain -the orbital period is longer than our observing sequence of 8.5 years, and is otherwise poorly constrained. From the preliminary fit to the data, we find that the semi-major axis of the photocentric orbit is at least α f it = 208 mas. We consider this a minimum semi-major axis given that the perturbation amplitude continues to grow as more frames are taken. Table 5 . The preliminary orbital elements of SCR1848's photocenter We can use this value to constrain the mass of the companion by modeling α f it using α = (B − β)a, where B is the fractional mass (M B /(M A + M B )), β is the relative luminosity
(1/(1 + 10 (0.4)∆m )), and a is the semi-major axis of the relative orbit of the two components (van de Kamp 1967) . ∆m is the magnitude difference in the I band in this case, because we used the I filter for the astrometric series. The modeled results are shown in Figure 8 , in which possible secondaries have masses 0.1-1.5M ⊙ , are fainter by 0-4 mag at I, and are in orbits with periods of 15-24 years. When constrained by α f it ≥ 208 mas from our preliminary fit, we see that the secondary has M ≥ 0.5M ⊙ and ∆I ≥ 1. This implies that the secondary is too massive to be brown dwarf, which is also consistent with our discovery that the secondary is bluer than the M5.0V primary at optical/UV wavelengths.
The period, as expected, is poorly constrained, and of course limits our ability to measure the companion mass. For example, if the secondary has a period of 15 years and ∆I =2
(top solid line in the top panel of Figure 8 ), its mass is ∼0.7M ⊙ . If the secondary has a period of 24 years and ∆I =2 (bottom solid line in top panel of Figure 8 ), its mass is ∼1.3M ⊙ . As a final consideration of the companion's mass, we compare 15 known cool white dwarfs with T = 4490-5000 K from Bergeron et al. (2001) . Figure 8 shows most of these cool white dwarfs have masses of 0.4-0.9M ⊙ , and that their I magnitudes would be 2-3 magnitudes fainter than SCR 1848 after being placed at SCR 1848's distance. Thus, we cannot constrain the mass at this time, so it is important that we continue to follow the system to determine an accurate mass for the companion, which would provide a rare mass measurement of a low-temperature white dwarf.
Conclusions
We present results of a nearby star system, SCR 1848, which has the largest perturbation among more than 700 targets observed in our long-term astrometry program -32 -at the CTIO 0.9-m. We present a suite of data from the CTIO 0.9-m, CTIO 1.5-m, Gemini-South Observatory, the NASA Galaxy Evolution Explorer, the International Ultraviolet Explorer, and Hubble Space Telescope, to study the nature of this intriguing system. Results show that this M5.0 dwarf has a blue excess that probably comes from a faint white dwarf with an effective temperature of 4600-5500K and a mass greater than 0.5M ⊙ . We have resolved the system using HST-STIS+MAMA, which provides hope that direct spectroscopic and photometric observations of the secondary are possible, and thereby a determination of its spectral type. Such low temperature and intrinsically faint white dwarfs are rarer than their hotter counterparts. For example, Rebassa-Mansergas et al.
(2010) reported 1602 white-dwarf plus main-sequence star binaries from the Sloan Digital
Sky Survey Data Release 6, but none of those white dwarfs nor main sequence stars is cooler than 6000K (see their Table 7 ). This work provides an alternative method for detecting low temperature white dwarfs. Given the large astrometric perturbation this type of system produces, it would be easy for astrometric programs like Pan-STARRS, Gaia or Large Synoptic Survey Telescope to detect such systems. Despite more than 8 years of astrometric observations, this system has not yet completed a full orbit, which limits our ability to determine accurate photocentric orbital elements and determine the component masses. We intend to continue observing SCR1848 until future efforts can provide crucial dynamical masses of a low temperature white dwarf and a low mass red dwarf.
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